Introduction
Direct exchange of molecules between the cytoplasm of neighbouring cells takes place through channels located in gap junctions and has been shown to be an important way in which
•Abbreviations: GJIC, gap junctional intercellular communication; EGF, epidermal growth factor, EGF-R, epidermal growth factor receptor, NHKE, normal human kidney epithelial; IHKE, immortalized human kidney epithelial; THKE, tumourigenic human kidney epithelial; TPA, 12-O-tetradecenoylphorbol-13-acetate; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; PBS, phosphate-buffered saline; HRP, horseradish peroxidase; BSA, bovine serum albumin. cells communicate and regulate several vital functions, such as homeostasis, proliferation and differentiation (1-4). The gap junction channels are made up of two opposing hexameric protein structures, connexons, through which polar molecules of mol. wt < 1-1.5 kDa may pass. A family of pore proteins, connexins, have been identified (5) (6) (7) (8) . Aberrant control of gap junctional intercellular communication (GJIC*) has been indicated to play an important role in cancer development (9) (10) (11) (12) (13) (14) (15) (16) (17) . Tumour cells often have reduced gapjunctional communicating capacity (18) , among themselves or with their normal surrounding neighbour cells (18, 19) . GJIC has also been found to decrease with increased metastatic potential (20), while the induced expression of connexin protein in non-communicating transformed cells results in decreased growth potential, as well as a normalized phenotype (21) (22) (23) . Different types of tumour promoting compounds have been shown to inhibit GJIC in vitro (24) (25) (26) (27) and in vivo (28, 29) . This may take place through posttranslational modification, such as phosphorylation (30) (31) (32) (33) (34) , or by a decrease in connexin gene expression (35) .
The proliferation of normal cells is tightly controlled by the interplay of growth inducing (growth factors) and growth inhibitory (tumour suppressors) factors. Tumour cells are characterized by having abrogated normal growth regulatory control (14, 18, 36) . Many growth factors induce cellular proliferation and differentiation through plasma membrane tyrosine kinase receptors, thereby activating a cascade of events mediated through intracellular signalling proteins (37) . Several growth factors have been shown to affect GJIC, although the mechanism for this is largely unclear (38, 39) . Epidermal growth factor (EGF) induces mitogenesis in most cells of epithelial origin through binding to the protein tyrosine kinase EGF receptor (EGF-R) (40). The activation of tyrosine kinase receptors could be expected to influence GJIC through a direct tyrosine phosphorylation of connexin proteins. This seems, however, not to be the case, and for EGF the inhibitory effect on GJIC has been associated with induction of phosphorylation of connexin43 on serine residues. On the other hand, tyrosine phosphorylation of connexin43 seems to be involved in ppoV'^-induced inhibition of communication (41) (42) (43) .
It is of importance to obtain more knowledge on the mechanism of regulation of GJIC in different cell types to understand its role in cell behaviour. In the present work we have studied GJIC in primary normal human kidney epithelial cells (NHKE) and cell lines derived thereof. The immortalized and tumourigenic human kidney epithelial cell lines (IHKE and THKE) have been shown to have abrogated normal growth control and to express elevated numbers of EGF-R (44) . In addition to stimulation of growth in these cells (44, 45) , EGF is also a potent modulator of GJIC. Here we present evidence that control of connexin43 protein expression is involved in EGF-mediated enhancement of GJIC. Cell cultures NHKE cells were obtained by explant outgrowth culture (45) . Treatment of kidjiey explains with NiSC>4 during long-term culture resulted in immortalized, non-tumourigenic cell lines (IHKE) (45) and transfection of IHKE cells with the v-Ha-ros oncogene resulted in tumourigenic (THKE) cells (46) . The kidney epithelial cell lines were cultured in Dulbecco's modified Eagle's medium/Ham's F12 (1:1) supplemented with insulin (5 |ig/ml), transferrin (5 ng/ml), hydrocortsone (36 ng/ml) and sodium selinite (5 ng/ml). NHKE cells required in addition 10 ng/ml EGF and 5% fetal bovine serum (FBS), while IHKE, THKE and K7 cells showed optimal growth at 1% FBS and were normally grown without EGF. The cell lines were maintained at 37°C in humidified air containing 5% CO 2 .
Materials and methods

Chemicals
Cell-cell communication
Intercellular communication was measured as spreading of microinjected Lucifer Yellow (10% w/v in 0.33 M lithium chloride) to neighbouring cells in a monolayer. A Narishige (Tokyo, Japan) micromanipulator mounted on a Nikon Diaphot microscope was used. The cells were exposed as indicated in the figures and the test compound was present during dye transfer. The number of dye-coupled cells was counted 10 min following injection using fluorescence equipment attached to the same microscope.
Immunofluorescence Cells were grown in 60 mm Petri dishes. The dishes were washed three times with phosphate-buffered saline (PBS) and fixed with cold (-20°C) methanol for 30 min. The dishes were incubated with 5% (w/v) dry milk in PBS for 1 h and then overnight at 4°C with a conncxin43 anti-peptide rabbit antibody diluted 1:1000 in PBS with 1% dry milk. The antibody was raised in rabbits against a synthetic peptide identical to amino acids 363-381 of the C-terminal pan of connexin43 conjugated to keyhole limpet haemocyanin. After washing four times with PBS the cells were incubated for 1 h at room temperature with FTTC-conjugated anti-rabbit IgG (BioRad) diluted 1:1000 in PBS with 1% dry milk. The dishes were washed four times in PBS, mounted in Tris, pH 8.5, containing 9% Mowiol 4-88 (Hoechst, Frankfurt, Germany) and 20% glycerol and examined under a fluorescence microscope. Micrographs were taken at a magnification of X400.
Western blotting
The cells were exposed to EGF for the indicated time. The dishes were washed twice with PBS and the cells scraped into SDS electrophoresis sample buffer without mercaptoethanol (10 mM Tris, pH 7.8, 1 mM EDTA, 3% SDS, 5% glycerol) and sonicated three times for 5 s each in a Branson Sonifer. The extract was heated for 5 min at 95°C and protein concentration determined using BioRad Detergent Compatible Protein Assay. Mercaptoethanol and bromophenol blue were added to 5% and 0.05% respectively and 5 ng protein were run per lane on 8% polyacrylamide electrophoresis gels (BioRad Mini Protean System) and blotted onto nitrocellulose filters. The filters were blocked in 5% (w/v) dry milk in PBS and incubated for 1 h at room temperature in rabbit anti-connexin43 antibody diluted 1:1000 in PBS with 19b dry milk. After washing four times with 0.1% Tween in PBS the blots were incubated for 1 h at room temperature with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody (BioRad, CA) diluted 1:1000 in PBS with 1% dry milk. The washing was repeated and the blots stained using 4-chloro-lnaphthol as HRP substrate. Densitometnc analysis of the blots was performed on a Macintosh computer using the public domain NTH Image program.
Results
Human kidney-derived epithelial cells are heterogeneous with regard to communication
Interestingly, the majority of the primary cells growing out of explants of normal embryonic kidney tissue did not communicate through gap junctions. The microinjected Lucifer Yellow was in most cases confined to the injected cell and did not spread to neighbouring cells. Some exceptions to this did, however, occur and spreading of Lucifer Yellow indicating gap junctional communication took place in certain areas on the dish. Figure 1 shows that communicating cells consisted of clones with a slightly different morphology. The enhanced GJIC seemed to be confined to these cell clones and shut off towards surrounding cells. This might indicate the presence of different cell types or that GJIC could be influenced by the growth of human kidney epithelial cells.
The nickel-immortalized cell line IHKE showed GJIC of 10-20 communicating cells following Lucifer Yellow microinjection. Many of the cells injected did not, however, communicate at all with neighbouring cells, indicating a significant heterogeneity with regard to GJIC among the cells. The heterogeneous communication was reflected in a variable amount and distribution of connexin43, as visualized by immunofluorescense. In some areas on the dish the cells showed strong histochemical punctate staining for connexin43 (Figure 2A) , while other areas were devoid of connexin43 staining ( Figure 2B) . In yet other areas there was strong connexin43 staining in what appeared to be the nuclear membrane ( Figure 2C ). This heterogeneiety was less pronounced among the ras-transfected malignant (THKE) cells. These cells communicated among themselves at a similar level of 10-20 dye-coupled cells following microinjection of Lucifer Yellow.
Based on the observed heterogeneous communication and variable connexin43 distribution we realized the need for a more homogeneous cell population and attempted this through subcloning of the IHKE cells. The cells were seeded at low density for colony formation and colonies were picked by placing a cylinder over individual colonies and adding trypsin to the inside of the cylinder. The 10 cell lines obtained were tested for connexin43 immunofluorescense and GJIC. All cloned cell lines were found to contain connexin43 and showed substantial GJIC. Although the different clones appeared homogeneous with regard to amount and distribution of connexin^, this differed between the different cell lines. In some clones connexin43 was mainly spread throughout the cytoplasm and in the Golgi area, while in others the connexin protein was situated more in cell-cell boundaries. The level of GJIC was clearly related to the amount and distribution of connexin43 staining, since cells with higher amounts and more staining in cell-cell boundaries showed more extensive GJIC, as judged by microinjection of Lucifer Yellow (data not shown).
The cell line K7, cloned from the original IHKE cells, was chosen to study the effect of growth parameters on GJIC. This cell line expressed an intermediate amount of connexin43, mainly distributed away from cell-cell boundaries. Different types of connexin have been found to be expressed in kidney while established cell lines tend to express only connexin43 (4, 7) . Using RT-PCR we have found that the K7 cell line expresses connexin43 but not connexin32 (data not shown).
The
Twenty four hours after seeding ~55 cells communicated. This number dropped to ~13 in cells grown for 4 days, when the number of cells seeded was adjusted to give a confluent monolayer on the day of injection (Figure 3) . The decrease in GJIC following incubation was smaller when the cells were seeded at higher density to give confluence after 1 day of incubation (data not shown). This indicates that the time period after the cells reached confluence was not the only critical factor, but that possibly depletion of nutrients or growth stimulatory components in the medium affected the communication capability of the cells. This was further supported by the finding that change of growth medium every day partly prevented the decrease in GJIC (Figure 3) .
The K7 cells were normally grown in medium containing 1% FBS and without EGF. Medium change to fresh medium containing 1% FBS and 100 ng/ml EGF resulted in a large increase in communication following a lag period (Figure 4) . The length of this lag period depended on days in culture, i.e. if the medium was changed 1 or 2 days following seeding, the enhancement in GJIC occurred after 4 h incubation, while cells grown in culture for 3-4 days required longer incubation for GJIC enhancement to appear. In 24 h cultures GJIC increased from ~40 to 85 communicating cells after 4 h incubation, while 4-day-old cultures shifted from <10 to ~70 communicating cells in 18 h. The largest increase in GJIC was observed in cells cultured for 2 days, where the number of communicating cells in some experiments increased from 45 to >100 4 h following change to medium with EGF. Figure 5 shows representative micrographs of microinjected Lucifer Yellow in 2-day-old K7 cell cultures without medium change ( Figure 5A ), 4 h exposure to 100 ng/ml EGF ( Figure  5B ) and 1 h exposure to 0.1 ug/ml 12-O-tetradecanoylphorbol-13-acetate (TPA. The tumour promoter TPA was a potent inhibitor of GJIC in these cells ( Figure 5C ), as in most other cell types. Figure 6 shows that EGF was the essential compound for enhancement of GJIC in human kidney epithelial cells. This experiment was performed on K7 cells after 2 days in culture. Four hours incubation in growth medium with 1 mg/ml bovine serum albumin (BSA) or 1% FBS had no effect on cell communication. There was no significant difference in the enhancement of GJIC induced by EGF alone and by EGF in combination with FBS, demonstrating that EGF is the essential component and that there seemed to be no cooperative or synergistic effect of growth factors or other components in FBS. This experiment does not, however, rule out the possibility of potentiating effects of FBS at lower and sub-maximal effect concentrations of EGF. The presence of EGF was not needed throughout the incubation period. Fifteen minutes incubation with 100 ng/ml EGF followed by medium containing 1% FBS for the rest of the 4 h incubation period resulted in the same enhancement of GJIC as did the presence of EGF for the whole period ( Figure 6 ). This indicates that the response induced by the EGF pulse was sufficient for GJIC enhancement in these cells. Figure 7A shows that incubation with 1 ng/ml EGF for 4 h had no effect in GJIC, but that 10 ng/ml or higher EGF concentrations strongly enhanced communication in K7 cells, 2324 which correlated with the EGF concentration (~3 ng/ml) needed to induce maximum DNA synthesis and proliferation in IHKE cells (unpublished results). Incubation of K7 cells with 100 ng/ml EGF for 1 h or less had no effect on GJIC ( Figure 7B) . Communication, however, increased gradually between 2 and 7 h exposure to EGF. At 18 h incubation the level of communication was lower than at 4 and 7 h, but was still elevated compared with cells without medium change (data not shown).
EGF is the essential component for enhancement of GJIC in K7 cells
EGF-induced enhancement of GJIC may be mediated through translational regulation
Exposure of K7 cells for 4 h to actinomycin D (1 (ig/ml) had no effect on GJIC and very little effect on the EGF-induced enhancement of communication, indicating that the enhancement was not mediated through transcription (Figure 8 ).Cycloheximide (10 ug/ml), however, completely blocked the EGFinduced enhancement of communication when present 30 min prior to and during the 4 h incubation with EGF, indicating that the EGF-induced enhancement of GJIC was mediated through translational regulation (Figure 8) .
Immunoblotting of the K7 cells for connexin43 revealed mainly two bands, equivalent to the non-phosphorylated form Po and the phosphorylated form P l . Exposure to EGF resulted in the transient appearance of a smear of bands with higher U} Fig. 6 . Effect of EGF and FBS on GJIC in 2-day-old K7 cell cultures. Communication was measured 4 h following change to growth medium with the following components: 1, No medium change; 2, 1 mg/ml BSA; 3, 1% FBS; 4, 1 mg/ml BSA + 100 ng/ml EGF; 5, 1% FBS + 100 ng/ml EGF; 6, 15 min exposure to 100 ng/ml EGF and 3 h 45 min exposure to 1% FBS. *P > 0.01, Student f-test, n > 10, relative to 1. Error bars = SD. molecular weight, including one with a molecular weight similar to the phosphorylated connexin43 form P 2 . The P2 smear appeared after a few minutes incubation with EGF, but disappeared during the first hour (data not shown). The relative amount of total connexin43 protein in the K7 cells following different times of exposure to EGF was determined by densitometric scanning of immunoblots. Figure 9 shows the integrated density of the connexin43 bands following EGF exposure. Connexin43 protein level increased in a time-dependent manner. Enhancement of the connexin43 level was observed after 1 h, reaching a maximum level at 2-7 h exposure. This enhancement in amount of gap junction protein precedes the enhancement in cell communication, which could indicate the time needed following protein synthesis to make the gap junction channels functional. Together with the response obtained with cycloheximide, this indicates that the enhancement of GJIC induced by EGF was caused by a translational up-regulation of connexin43 synthesis. As shown in Figure 9 , the total cellular protein was not significantly different from that of unexposed cells at any time point up to 7 h after EGF exposure. Immunohistochemical staining for connexin43 gave no indication of a change in connexin localization following EGF exposure (data not shown).
Discussion
Carcinogenesis is known to be a multistep process involving an initial irreversible genetic change (initiation) followed by the clonal expansion of the initiated cells (promotion) and the later acquisition of additional genetic alterations resulting in malignancy (progression). Initiation and progression seems to be driven by mutagenic insults, while the promotion stage is reversible and associated with selective proliferation. GJIC has been demonstrated to be of significant importance in many biological processes, including regulation of growth and differentiation (3, 4, 18, 47) 8 . Effect of actinomycin D and cycloheximide on the EGF-induced enhancement of GJIC. Two-day-old cell cultures were incubated for 4 h with 100 ng/ml EGF (+ 1 mg/ml BSA) with or without actinomycin D or cycloheximide. 1, No medium change; 2, 100 ng/ml EGF; 3, 10 Hg/ml cycloheximide; 4, 100 ng/ml EGF + 10 )ig/ml cycloheximide; 5, 1 (ig/ml actinomycin D; 6, 100 ng/ml EGF + 1 |ig/ml actinomycin D. *P > 0.01, Student (-test, n > 10, relative to 1. Error bars = SD. importance in carcinogenesis (14, 48, 49) . Tumour promoting substances are believed to mediate their effect through induction of clonal expansion of the initiated cell population. Inhibition of GJIC is one of several changes seen in cells after exposure to tumour promoters and may take place through different mechanisms involving transcriptional or translational down-regulation of gap junction proteins or by modification of intracellular control mechanisms involved in the formation of functional gap junctions (29, (50) (51) (52) . The down-regulation of communication between preneoplastic cells and their normal surrounding cells may allow the preneoplastic cells to clonally expand by selective proliferation (18, 19, 53) .
There are several lines of evidence to link GJIC to growth regulatory signals. In many instances the enhancement of communication has been related to inhibition of cellular growth and, conversely, reduced communication with stimulation of growth (4, 18, 36) . EGF decreased GJIC in normal human keratinocytes following 24 h treatment and enhanced DNA synthesis and cell proliferation (54) . On the other hand, forced haemopoietic stem cell division was found to cause a 100-fold increase in connexin43 expression. The level of connexin43 expression was also 80-fold higher in normal adult haemopoietic tissue than in neonatal marrow, where fewer cells are dividing. This suggested that GJIC in these cells may be a positive signal for cell division (55) . Interleukins 1 and 6 have also been shown to be involved in the induced enhancement of connexin43 in human aortic wall cells (56) . At the same time, the incorporation of connexin genes into the genome in tumourigenic and communication-deficient cell lines has been shown to up-regulate communication and normalize the growth pattern (10, (57) (58) (59) . Decreased synthesis of growth factors combined with increased levels of growth inhibitors have been indicated as being responsible for reduced proliferation capacity in rat glioma cells transfected to overexpress connexin43 (60). A number of growth factors and oncogene products have been shown to influence GJIC, but their effects seem to vary between different cell types. The growth factors EGF, PDGF and bFGF interact with and activate receptor proteins with tyrosine kinase activity. Thus, it might be anticipated that the activation of these receptors would result in a direct tyrosine phosphorylation of connexin proteins and thereby influence gap junction permeability. This seems, however, not to be the case. The inhibitory effect of EGF on GJIC has been associated with activation of MAP kinase and elevated phosphorylation of connexin43 on serine residues (61). This is unlike the case for yy&) v~src , where the induced inhibition of communication was associated with tyrosine phosphorylation of connexin43 (41^3).
The study of human carcinogenesis has been hampered by the fact that human cells are largely refractory to in vitro transformation (62) . The development of a multistep model of human renal epithelial carcinogenesis in vitro, consisting of primary (NHKE), Ni(II)-immortalized (IHKE) and raytransformed (THKE) human kidney epithelial cells has been described. Normal human kidney epithelial cells have been immortalized by nickel(II) (45) and further neoplastically transformed with the v-Ha-ras oncogene (46) . This model offers a human cell system where cellular changes during carcinogenesis may be studied. GJIC in the IHKE-derived K7 cells decreased with time in culture. Communication on day 4 following seeding of the cells was reduced to ~20% of the communication on day 1. The drop in communication was significantly smaller if the growth medium was changed every day. GJIC has also been found to decrease in senescent human umbilical vein endothelial cells in parallel with decreased connexin43 mRNA and protein, while EGF decreased GJIC in young cells but showed no effect in senescent cells (63) . Cell communication in primary rat hepatocytes was also found to decrease rapidly and even disappear within 12-24 h in culture, depending on type of growth medium. Glucagon and linoleic acid delayed this decrease in communication.
Treatment of the cells showing decreased communication with glycosaminoglycans or proteoglycans, but not with hormones or growth factors, resulted in synthesis of connexin protein and re-occurrence of communication (64) . In Madin Derby canine kidney (MDCK) cells, GJIC was found to be dramatically reduced after confluence (65) . Exposure of the present human kidney epithelial cells to EGF at different concentrations for from 5 min to 20 h was never found to decrease communication. In contrast, EGF caused a strong increase in GJIC in these cells. The time needed to increase communication was, however, dependent on days in culture of the cells. One-or 2-day-old cells showed increased communication after 2-4 h exposure to EGF, while older cells needed a longer time following EGF exposure for enhancement to occur. It was, however, demonstrated that a 15 min pulse of EGF was sufficient to induce enhancement of GJIC if the total incubation period was unchanged. This is in contrast to the observation that EGF induction of mitosis requires the continuous presence of the ligand for up to 8 h (66) . In addition, we have shown that EGF-induced protein tyrosine phosphorylation in HIKE cells was dependent on the presence of EGF throughout the incubation period (unpublished data). Early passage normal human fetal kidney epithelial cells have previously also been shown to be heterogeneous with regard to growth potential and deficiency in GJIC (67) . A fat storing cell line (CFSC) also showed heterogeneous expression of connexin43, proliferation and extracelluar matrix components (68) .
GJIC has been shown to be modulated through genetic changes such as mutation (69, 70) and transcriptional regulation (13, 50, 71) , as well as post-translational changes (52, 72) in connexins. The present data indicate that the enhancement of GJIC by EGF is mediated through enhanced translation of connexin43. To our knowledge, this is the first report to show increased GJIC in response to EGF. The transient duration of the enhancing effect of EGF on GJIC may be the reason why such enhancement has not been observed in other cell types. It is, however, a general impression from the literature that growth factors may have opposing effects on GJIC in different cell types. Further studies are needed to fully understand the control of GJIC in human renal epithelial cells and its role in growth regulation and carcinogenesis.
